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X-ray contrast media such as diatrizoate and iohexol have been found in wastewater 
and drinking water and are difficult to remove because they are resistant to water treatment 
processes. A removal process can be started with ultraviolet photocatalytic degradation of 
X-ray contrast media in the presence of titanium dioxide or other catalysts. Raman spectra 
of diatrizoate and iohexol were taken in an aqueous solution in the presence and absence of 
titanium dioxide during exposure to ultraviolet radiation. Raman intensity is directly 
proportional to concentration; therefore, we can measure the rate of the reaction based on 
changes in the Raman spectrum. Changes were monitored for eight hours. Evidence of 
photoreaction is observed, indicating that the degradation of X-ray contrast media can be 
measured using Raman spectra. To our knowledge, this represents the first use of Raman 
spectroscopy to monitor photocatalytic 
degradation in real time, opening a potentially powerful approach to studying the removal of 
pollutants in the environment. 
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CHAPTER 1 
 
Photocatalytic Degradation of Pollutants 
 
 
1.1 Introduction 
 
Recently, increasing attention has been focused on the presence of pharmaceutical 
compounds in aquatic environments due to their widespread use and incomplete removal 
during wastewater treatment.
1 
For example, iodinated contrast media (ICM), hormones, 
and other organic compounds are among the most prevalent untreated water 
contaminants.
2-4 
The presence of these pharmaceutical compounds in the environment is a 
growing concern because relatively little is known about the significance of hospitals as 
point sources of emission of organic micro-pollutant into the aquatic environment and 
their impact on human and ecosystem health.
1,3-4
 
 
In recent years, ICM have become the focus of environmental concern as a group 
of halogenated pharmaceutical compounds. Research studies have identified ICM 
compounds as the main contributors to the burden of total adsorbable organo-iodine in 
clinical wastewater.
6 
Some ICM have been shown to be unresponsive to compact 
chemical and biological water treatment processes, which leads to interest in developing 
more effective and sustainable technologies for treating water sources contaminated with 
pharmaceutical compounds.
1,5,6
 
 
Estrogenic compounds such as 17β-estradiol and estrone have also been found in 
treated domestic water effluents. These estrogenic compounds are of great concern 
because of their potential in altering the normal endocrine function of physiological status 
 
 
2  
of animals and humans.
7  
Much of the research has been motivated by the recent 
discovery of the role of estradiol in promoting breast cancer. 
 
The objective of this study is to determine if Raman Spectroscopy can be used for 
monitoring photocatalytic degradation of X-Ray contrast media. We seek to develop a 
method that is fast (compared to chromatography) and non-invasive, but which still 
yields results that are consistent with previous studies. 
 
 
1.2       Iodinated contrast media 
 
Iodinated X-ray contrast media (ICM) are widely used pharmaceutical 
compounds for the imaging of internal body structure, such as organs, blood vessels, and 
soft tissues during diagnostic examinations.  They are applied at high doses (200 g per 
application) and are eliminated unmetabolized in the urine within 24 hours.
9 
Annual 
worldwide consumption of ICM is approximately 3.5x10
6 
kg.
5 
Most of the ICM are 
 
classified as ionic or nonionic depending on the functional moieties at their side chains. 
Scheme 1.1 shows two of iodinated contrast media used in this study. For example, 
diatrizoate is an ionic ICM: it is negatively charged at neutral pH due to its carboxylate 
moiety. Nonionic compounds such as iohexol contain functional moieties that are 
uncharged at neutral pH.
10
 
 
ICM are considered to be safe to humans, but mild acute reactions, such as nausea 
and pain at the area of injection, have been reported in 15% of patients receiving ionic 
and 3% of the patients receiving non-ionic ICM.
1 
Wastewater treatment processes do not 
 
effectively remove ICM resulting in their detection at mg/L levels in effluents of some 
wastewater treatment plants.
10 
Only limited biodegradation of ICM occurs over an 
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extended period of time (> 20 days), which leads to formation of triiodinated benzoic 
acid metabolites that are resistant to further transformation. Diatrizoate, in particular, has 
been found to be less amenable to active sludge biodegradation than other ICM.
11
 
Compared to other pharmaceuticals, ICM have the highest levels found in environmental 
 
samples, which can be as high as micrograms per liter levels.
10 
One of the methods used 
to measure their presence in secondary and tertiary treated wastewater is direct injection- 
LC/MS/MS. This technique was used to measure eight ICM, which include the two from 
Scheme 1.1 Amounts detected are found to be 0.11 to 0.97µg/L for ICM in wastewater.
10
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1.3 Estrogens 
 
 
Other micro-pollutants include steroidal compounds, such as the hormones 
estrogens and testosterone. These represent a class of compounds generally synthesized 
from cholesterol. Two estrogens studied here are 17β-estradiol and estrone. As shown in 
Scheme 1.1, both have molecular structures with a five carbon ring attached to three six 
carbon rings and hydroxyl group at the same location on the phenyl ring. They are 
differentiated by the substituent on the pentane ring.  Estrogens display characteristics 
similar to many organic compounds, including low solubility in water and high affinity to 
organic matter. Estrone has solubility in water of 1.30 mg/L at a pH 7 and a temperature of 
25˚C. This is very low, but estrone has been shown to affect the biological systems in 
concentrations as low as 0.1ng/L.
12
 
 
Estrogens are known to be responsible for the development of secondary sexual 
characteristics, and to affect growth and function of a wide range of tissues. A number of 
synthetic agents including pesticides and a variety of other industrial chemicals also have 
estrogenic activity.
13 
Some of the estrogens have been extensively investigated since the 
role of estradiol in promoting breast cancer was determined.
13-16 
Estrogenic steroid 
 
hormones have attracted considerable attention, because of enhanced feminization of fish 
exposed to treated water.
16
According to different studies, human estrogens such as 
estradiol and estrone are also found in wastewater.
17
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1.4 Direct Removal Techniques 
 
 
1.4.1 Nanofiltration (NF) and Reverse osmosis (RO) 
 
 
Although testing for estrogen and ICM in wastewater is a time consuming and 
expensive process, research and interest in estrogen testing and removal are growing. 
Because of their low concentrations, chromatographic methods (GC/MS, GC-MS/MS and 
LC/MS/MS) have typically been used for analysis of estrogens. These methods also work 
well for testing larger freshwater sources for estrogens.
18 
To remove estrogens from 
wastewater many studies have reported nanofiltration (NF) and reverse osmosis (RO) to be 
effective methods.
19 
Both RO and NF are pressure driven membrane processes that can 
remove contaminates to 0.001- 0.0001 µm respectively. NF is defined as a process lying 
between porous ultrafiltration and RO. Both of these processes are used heavily in water 
and wastewater treatments; RO is also used in desalination. NF only retains multivalent 
ions, making it a very economical alternative where the retention of monovalent salts is not 
required.
19 
However, for monovalent compounds like ionic ICM, it is not as productive. 
 
1.4.2 Direct contact membrane distillation (DCMD)/ forward osmosis (FO) 
 
 
Recent studies show direct contact membrane distillation (DCMD) and forward 
osmosis (FO) are being investigated for wastewater treatment. Membrane distillation (MD) 
is a separation process in which mass transfer is carried out by evaporation of a volatile 
solute through a hydrophobic microporous membrane. Benefits of MD are very high 
rejection of nonvolatile compounds, lower operating pressures than RO and other pressure 
driven processes, and reduced chemical interaction between the feed solution and the 
membrane. DCMD is one configuration of MD in which both sides of the membrane are in 
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contact with aqueous solutions. In DCMD water from the heated feed stream evaporates 
through the membrane into the cooler permeate stream where it condenses and becomes 
part of the permeate streams.
20 
The FO process results in concentration of a feed stream 
and dilution of a highly concentrated stream (draw solution-DS).
20 
DCMD and FO during 
 
investigation shows that the DCMD provides greater than 99.5% hormone rejection and 
FO provides from 77 to 99% hormone rejection depending on the experiment duration and 
feed solution chemistry.
20 
However, no studies have been done for the removal of ICM 
from the water by DCMD/FO. 
 
1.5 Advanced oxidation processes 
 
 
Advanced oxidation processes (AOPs) are reaching popularity in water and waste 
treatment because of their destructive methods of contaminant degradation. Advanced 
oxidation processes are characterized by their production of the hydroxyl radical (•OH), a 
very strong oxidant. AOPs use different reagent systems such as photochemical 
degradation process (UV/O3, UV/H2O2), photocatalysis (TiO2/UV) and chemical oxidation 
processes (O3, O3/H2O2). The main goal is to produce simple, relatively harmless 
inorganic molecules, such as CO2 and H2O. 
21-23 
The major advantage of AOPs can be 
 
summarized as the complete mineralization of organics and the removal of recalcitrant 
compounds. 
 
1.5.1 Chemical and Photochemical Degradation 
 
 
During waste water treatment ICMs were only partially removed by ozonation; 
about 35 to 55% of non-ionic ICMs and below 20% of ionic ICMs were removed, which 
shows some success.
21 
Here oxidation of ICM does not completely oxidize to CO2 and 
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H2O in many cases. Completion of oxidation reaction can be achieved by supplementing 
the reaction with the ultraviolet (UV) radiation. This shows that alternative treatment 
technologies can be developed that would be effective in degrading these compounds. 
22-23
 
 
Several studies have focused on removing pharmaceuticals from the environment 
using UV Disinfection and UV-Oxidation for degradation. UV used for wastewater and 
drinking water was accomplished using a mercury lamp that emits primarily light at 
254nm.  UV is widely used for drinking water disinfection in Europe and also in U.S. as 
well. UV irradiation proved to be effective for decomposing iohexol (X-ray contrast 
media) with both UV photolysis and UV/H2O2 oxidation. During the UV/H2O2 oxidation 
process, elimination of organic compounds may result from direct photolysis following 
UV irradiation and hydroxyl radical attack.  A better ICM removal occurs during treatment 
with ozone-based advanced oxidation processes that promote •OH formation using UV/O3 
and O3/H2O2 than during O3 treatment processes where •OH production is not specifically 
promoted. 
24-25
 
 
1.5.2 Photocatalytic Degradation 
 
Another method used for removal of ICM is photocatalytic treatment which was 
first reported by Honda and Fujishima using titanium dioxide (TiO2) photo-assisted 
electrochemical splitting of water in 1972.
26 
TiO2 has found a wide application in the field 
 
of environmental treatments. Photocatalytic treatment processes often use semiconductors, 
such as TiO2, which has received much attention due to its potential photocatalytic 
applications in wastewater treatment and air purification. TiO2 is non-toxic, efficient photo- 
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catalyst, chemically stable and relatively inexpensive, all important advantages of to 
support its use.
26-28
 
 
Several studies have looked at development of a catalyst system that is capable of 
degrading estrogen pollutants in the environment. One of the studies has used a 
degradation route with a combination of a nitrite and ferric salts as the photocatalyst is for 
catalytically removing estrogens. After one day of reaction, 86.6 % of the estrogens have 
been degraded and after 30 days more than 99.9% were removed.  The degradation system 
demonstrates that FeCl3/NaNO2 is an efficient photocatalyst, which is activated by 
irradiation with natural light .
21 
However, before photocatalysis can become a widely used 
 
method, the mechanism and by-products must be well understood.  The intermediate 
oxidation products remaining in the solution may be as toxic as or even more toxic than the 
initial parent compound. 
 
There are three different forms of TiO2: anatase, rutile, and brooklite.
31 
The 
difference in catalytic activities is attributed to different crystal lattice structures. The 
photocatalytic activity of TiO2 is dependent on surface and structural properties of the 
semiconductor, such as surface area, particle size distribution, band gap, and surface 
hydroxyl density.
32 
Particle size is important in heterogeneous catalysis because it is 
directly related to the efficiency of a catalyst through the definition of its specific surface 
area.
31-32
Because of the wide range of combinations of oxidant and catalysts that can 
generate OH· radicals,  AOPs are widely characterized. 
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1.5.3 Photocatalysis mechanisms 
 
 
In the photocatalytic oxidation process pollutants are destroyed with the help of 
semiconductor photocatalysts, such as TiO2, a light source, and an oxidizing agent, such as 
oxygen. The photocatalysis mechanism for the degradation of organic pollutants is shown 
in Figure 1.1. TiO2 is only responsive to ultraviolet light (UV) instead of more abundant 
visible light (bandgap energy E=3.2eV, λ = 387 nm). TiO2 is a photocatalyst once it is 
excited by light with energy higher than its band gap. Upon excitation, the electrons in 
TiO2 will transfer from the valence band (VB) to an empty conduction band (CB), leading 
to charge separation and the formation of a strongly oxidizing species.
32-33 
Electron (e
-
) and 
 
electron hole (h
+
) pairs will first form on the surface of the photocatalyst. In the presence 
of O2 or H2O, this electron injection will form superoxide (O2
-
) and hydroxyl (OH
.
) 
radicals both on the surface and in aqueous solution. Both are highly reactive chemical 
 
substances that will oxidize organic compounds into carbon dioxide CO2 and H2O. 
 
 
Photocatalytic oxidation can also be a surface-catalyzed reaction where the target is 
directly oxidized by h
+
. In these cases, a chemical or contaminant must first be adsorbed 
onto the TiO2 surface before it can undergo photocatalytic oxidation. The adsorption of 
substrates on the TiO2 surface is absolutely necessary for electron or hole processes due to 
the very fast recombination of electron/hole pairs.
32-34
 
 
 
10  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Mechanism of photocatalytic degradation. Titanium dioxide (TiO2) absorbs 
ultraviolet (UV) radiation from sunlight; it will produce pairs of electrons and holes.  The 
positive hole of titanium dioxide breaks apart the water molecule to form hydroxyl radical. 
The negative electron reacts with oxygen molecule to form superoxide anion. Hydroxyl 
radical and superoxide anion react with organic compounds to produce CO2 and H2O. 
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1.6 Overview 
 
 
Some work has been done on photocatalytic treatment of ICM. Our focus is a 
removal process that can be started with ultraviolet photocatalytic degradation of 
diatrizoate and iohexol, in the presence of titanium dioxide or other catalysts. Raman 
spectra of diatrizoate and iohexol are taken in an aqueous solution in the presence and 
absence of titanium dioxide during exposure to ultraviolet radiation. Raman intensity is 
directly proportional to concentration of compounds, therefore we can measure the rate of 
the reaction based on changes in the Raman spectra. Other studies have used LC/MS to 
study photocatalytic degradation of ICM. In spite of its sensitivity, the main disadvantage 
of using chromatographic methods is that during the experiment approximately 30 minutes 
between samples in needed. Each sample must be extracted from the reaction vessel 
throughout the degradation process, which is time consuming and there are large chances 
for sample-to-sample inconsistencies in analysis. 
 
Spectroscopic approaches, such as the ones presented here, can be performed faster 
and with no sample extraction needed, dramatically increasing the time resolution with 
which the reactions can be measured. In Chapter 2, the experimental methods used are 
outlined, with results for photocatalytic studies on ICM presented in Chapter 3. Then, an 
attempt to improve the sensitivity of our Raman methods using surface-enhanced Raman 
spectroscopy, extending their application to the estrogens, will be explored briefly in 
Chapter 4. 
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CHAPTER 2 
 
Materials and Methods 
 
This chapter outlines in detail the materials and procedures used in this study to 
accomplish the objectives summarized in Chapter 1. The contaminants selected cover a 
several common pollutants found in wastewater. Diatrizoate is an ionic compound that 
has been found to be unresponsive to normal wastewater treatments while iohexol is a 
non-ionic compound in the same general class (iodinated x-ray contrast media, ICM). 
Estrone and 17β-estradiol are responsible for the majority of endocrine-disruption in 
aquatic environments due to their high estrogenic activity. 
 
2.1 Materials and reagents 
 
 
All chemicals were of reagent grade and used without further purification. 
Diatrizoate (2, 4, 6- triiodo-3,5-diacetamidoenzoate, sodium salt) and iohexol  (5-(N-2,3- 
Dihydroxypropyl Acetamido)-2,4,6-triiodo-N,N′ bis(2,3dihydroxypropyl) 
isophthalamide) were purchased from Sigma-Aldrich, St. Louis, MO. Estrone (1,3,5(10)- 
Estratrien-3-ol-17-one or 3-Hydroxy-1,3,5(10)-estratrien-17-one folliculin) and 17 β- 
estradiol (1,3,5-Estratriene-3,17β-diol, or 3,17β-Dihydroxy-1,3,5(10)-estratriene 
dihydrofolliculin) were also purchased from Sigma-Aldrich.  The glassware used for the 
reaction process was a quartz volumetric flask, which transmits ultraviolet light to the 
solution, whereas fused silica does not. Aqueous solutions were prepared using deionized 
water (~ 18 MΩ). Photocatalysis experiments were conducted using anatase-form TiO2 
which is also supplied by Sigma-Aldrich. TiO2, has been used extensively as a model 
photocatalyst. 
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2.2 Experimental procedures 
 
 
1-M solutions of ICM (iohexol and diatrizoate) were made fresh for each 
experiment using 18 MΩ deionized water. 0.1-M and 0.5-M solutions of ICM were also 
tried, however they did not show large enough Raman signals for reliable kinetic 
analysis. 0.5 g TiO2 (as photocatalyst) was added to each 20 mL sample. Sodium nitrate 
(0.1 M) was added as an internal standard in the case of the iohexol experiments. We 
used the nitrate internal standard for iohexol only, but not for diatrizoate. The internal 
standard must be inert both to reaction and to photo-degradation, it must be water soluble, 
and must have large enough Raman cross section that it can be detected at low 
concentrations. Carbon disulfide (CS2) and carbon tetrachloride (CCl4) were also 
explored as internal standards, but their low solubility in water made their detection 
 
impossible. 
 
 
Sample solutions were placed into the apparatus as shown in Figure 2.1. In this 
apparatus, samples were placed into a quartz round-bottom flask inside the dark chamber, 
a blackened metal box with one opening in each of two sides. The dark chamber sits on 
top of a magnetic stir plate; the samples are stirred slowly throughout experiment. A 5- 
cm diameter opening allows radiation from the Xe-arc lamp (Newport 66902, input 
power: 50-500W), located to make sure all light strikes on the sample flask. A copper 
tubular sleeve prevents room light leakage into the dark chamber. On a perpendicular 
wall of the chamber, the probe of the Raman spectrometer (Raman Systems RS-3000) is 
kept in place at all times, which reduces sample-to-sample inconsistences. This 
spectrometer has two different continuous-wave pump lasers (533-nm and 785-nm 
wavelengths). Data was collected on the unreacted solutions with both wavelengths, 
 
 
14  
however no differences were observed in Raman spectra. All data presented were 
collected using 785-nm probe laser. In addition to the Raman spectra of photocatalytic 
degradation runs collected, data was also collected without photocatalyst and with 
photocatalyst present, but in the dark. 
 
Ultraviolet light from the Xenon lamp was present for the 8 hours of the 
experiment of all photocatalytic degradation runs, but was closed during the collection of 
spectra for about 1 min. We found that both room light and the photocatalytic radiation 
source interfered with the Raman spectrometer during collection of data. At the 
beginning of our process for developing the experimental techniques, it became clear that 
TiO2 could adhere to the inside surface of the reaction flask even after cleaning. The flask 
was therefore cleaned with hydrogen peroxide between runs to ensure than no cross 
contamination occurs. 
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Figure 2.1: Experimental setup with Xenon arc lamp irradiating the sample, which is 
constantly stirred. The Raman spectrometer is perpendicular of the Xe-lamp. There is a 
probe aligned to the sample so that spectra can be collected. 
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2.3 Instrumentation 
 
 
Many studies have been done to identify the mechanisms and kinetic properties of 
reaction networks involved in photocatalytic degradation. Chromatographic experiments 
are commonly used because of their high sensitivity and selectivity. But chromatographic 
methods do have some limits. During the experiment approximately 30 minutes between 
samples is needed. Then, each time the sample must be extracted from the reaction flask 
through the degradation process, filtered, and then preconcentrated, all of which is time 
consuming. Further, each step presents the risk for sample-to-sample inconsistencies in 
the analysis. 
 
X-ray contrast media (diatrizoate and iohexol), shown in Scheme 1.1, represent 
challenges to wastewater treatments. Several studies have shown that diatrizaote can be 
completely removed using photocatalyst TiO2. By contrast, previous work has shown that 
iohexol is photodegraded more successfully in the absence of TiO2. These X- ray contrast 
media do have high aqueous solubilities; this is one of the reasons Raman was chosen to 
monitor photocatalytic degradation. Using Raman does not require a lot of time for 
sample preparation. 
 
 
Raman provides us with information about the vibrations of the molecules and 
covers the same frequency range as infrared (IR) spectroscopy making them 
complementary. IR spectra are difficult to measure in situ where large regions of the 
spectrum are obscured by water absorption. This means it would not be possible to see 
much of the ICM because the broad spectrum of water present would obscure the signal 
from other compounds in the spectrum. Raman and IR also have different selection rules. 
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Infrared bands arise from an interaction between light and the oscillating dipole moments 
of vibrating molecules.
36-37
 
 
Raman bands arise from oscillating dipoles caused by light waves interacting 
with the polarizability of a vibrating molecule. In our case, both  ICM compounds are 
very polar and  very polarizable due to the presence of aromatic rings and iodine atoms. 
Using a probe-type Raman instrument, measurements of the reaction components can be 
monitored without sample preparation. In our case, sample preparation is only conducted 
once for each experiment. Another advantage of Raman scattering over infrared 
absorption is that since it is represented as a shift in frequency from the incident light, it 
can be acheived with visible light, for which it is possible to create detectors with much 
higher efficiencies than infrared radiation. It is predominantly applicable to the 
qualitative and quantitative analyses of covalently bonded molecules. 
 
 
A Raman spectrometer consists of four components: a laser source, a sample- 
illumination system and spectrometer (wavelength sector) with a detector. A sample is 
normally illuminated with a laser beam in the ultraviolet, visible or near infrared range. 
Scattered light is collected with a lens and is sent through a spectrometer to obtain Raman 
spectrum of a sample. An important note about Raman scattering is that it does not 
involve the absorption of the photon, or the emission of a photon of less energy, which 
instead describes florescence. The difference between Raman scattering and fluorescence 
is that in Raman scattering, the incident photon is not fully absorbed but rather perturbs 
the molecule, exciting or de-exciting vibrational or rotational energy states. In 
fluorescence, the photon is completely absorbed which promotes the molecule to a higher 
electronic state, and then the emitted photon is due to the molecule’s decay back to a 
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lower energy state.
36-37 
Thus, Raman is far less likely to contribute to the photochemistry 
of the system under study than fluorescence methods. 
 
2.4 Computational Chemistry 
 
 
For ICM, (diatrizoate and iohexol) quantum computational chemistry was used to 
compare our experimental results with calculated values of vibrational modes. All 
calculations were conducted using the GAUSSIAN 09 software package.
40 
Electronic 
structure calculations (optimized geometries and frequency analysis) were performed 
using the Becker, three-parameter, Lee-Yang-Parr (B3LYP) density functional with the 
Los Alamos National Laboratory 2 Double-Zeta (lanl2dz) basis set. This basis set is 
widely used to model heavy atoms (those with many electrons). 
 
Geometry optimization was calculated by B3LYP/lanl2dz to find the configuration 
of minimum energy of the molecule. To calculate the geometry the program determines the 
energy at a starting geometry and begins to search for a new geometry of a lower energy. 
39
In our study for diatrizoate and iohexol we found that B3LYP/lanl2dz took less time than 
 
B3LYP/3-21G, which was also attempted initially. This is why we chose B3LYP/lanl2dz 
 
to calculate vibrational frequency for both iohexol and diatrizoate. In each case, the Raman 
intensities were calculated for all vibrational modes. 
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2. 
CHAPTER 3 
 
 
Photocatalytic degradation of diatrizoate and iohexol 
 
The photocatalytic oxidation of a wide variety of organic compounds in aqueous 
solutions has been reported.
41 
Irradiation of suspended TiO2 powder leads to the 
separation of electrons and holes. Both electrons and holes can react with organic 
pollutants adsorbed on to the surface of TiO2 particles. Under favorable conditions, 
organic matter adsorbed onto the surface of the photocatalyst can be directly oxidized by 
electron transfer to combine with the hole. Hydroxyl radicals are powerful oxidants 
 
which are able to oxidize many substrates even away from the TiO  
41-43
 While electrons 
 
may reduce adsorbed oxygen to O2
-
, the hole can oxidize absorbed water or hydroxide 
ions to OH· radicals. 
 
Raman spectra of 1-M solutions of diatrizoate and iohexol before it was exposed 
to irradiation are shown in Figure 3.1. Structures for each target molecule are shown in 
the inset. In each case, multiple peaks are observed throughout the spectrum, each 
corresponding to different vibrational modes. To help interpret the Raman spectra, 
calculations were done on iohexol and diatrizoate as shown in Table 3.1. Here we assign 
peaks of experimental to calculated frequencies for both of iohexol and diatrizoate. 
Although most molecular motions were delocalized its own molecule, many could be 
described based on a single functional group motion. We then assign vibrational mode 
based on assigned peaks for experimental peaks. Most of the modes correspond to an 
aromatic ring vibrational mode according to our calculations presented in Table 3.1. 
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Figure 3.1.  Raman spectra of aqueous 1-M solutions of diatrizoate and iohexol. 
Structures are shown in the insert. In each case, multiple peaks are seen in the spectrum, 
nearly all of which correspond to aromatic ring vibrational modes. 
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Experimental 
Wavenumber (cm 
-1
) 
 
   
Calculated 
 Wavenumber (cm
-1
) 
 Raman 
   activity   
 
    Vibrational Mode   
 
602.2 
  
592.91 
  
9.08 
  
C6H6- rocking 
 
742.7 
  
676.92 
  
15.86 
 C6H6- rocking 
CO2-bending 
820.2  866.58  13.32  C6H6- rocking 
 
993.1 
 
 
988.79 
 
 
27.94 
 
 
C6H6- bending 
 
1064.0 
 
 
1102.68 
 
 
24.59 
 
 
C6H6- wagging 
 
1295.4 
 
 
1300.37 
 
 
16.65 
 
 
C6H6- rocking 
 
1379.3 
 
 
1341.35 
 
 
85.49 
 
 
C6H6-wagging 
 
1540.2 
 
 
1480.86 
 
 
187.91 
 
 
C6H6 - breathing 
 
Table 3.1: Calculation results of the vibrational frequencies of diatrizoate and iohexol. 
Calculations were done using B3LYP density functional with the LANL2DZ basis set. 
 
Diatrizoate 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Iohexol 
 
Experimental 
  Wavenumber (cm
-1
)   
Calculated 
 Wavenumber (cm
-1
) 
 
  
Raman 
   activity   
 
    Vibrational Mode   
 
640.3 
 
758.11 
  
8.2 
  
C6H6-wagging 
 
766.2 
 
768.25 
 
 
8.62 
 
 
C6H6-breathing 
 
860.4 
 
881.31 
 
 
36.75 
 
 
CH2-rocking 
 
1059.2 
 
1081.73 
 
 
20.19 
 
 
C6H6-breathing 
 
1235.3 
 
1285.86 
 
 
18.01 
 
 
C6H6- breathing 
 
1354.4 
 
1385.31 
 
 
22.08 
 
 
C6H6-wagging 
 
1511.3 
 
1540.78 
  
17.78 
 OH-bending 
CH2-bending 
1633.2 1595.3  19.21  C6H6-rocking 
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3.1 Diatrizoate 
 
 
One study recently reported on the oxidation of diatrizoate. A series of reaction 
products detected by LC-ESI (-)-MS/MS suggest that ipso attack of OH· at iodo sites on 
the aromatic ring lead to hydroxide substitution and iodide release as shown in Scheme 
3.1.
44
 
 
 
 
 
 
 
Scheme 3.1 Proposed mechanisms (Jeong) of hydroxyl radical attack on iodo substituent. 
 
 
Structural assignments made in Scheme 3.1 were confirmed by mass spectral 
fragmentation patterns, based on data that could not be collected faster than every 30 
minutes. Figure 3.2 shows Raman spectra throughout the photocatalytic degradation of 
diatrizoate with absence of TiO2 suspensions. In this case, multiple peaks are observed in 
panel (a) through the spectrum. Panel (b) shows integrated peak area of the spectra of 
Figure 3.2(a) as function of time. Peak areas were determined by first determining a set 
of center frequencies. For each center frequency, the peak was fit to a Gaussian peak 
shape using the PEAKFIT algorithm in the MATLAB software package. In the event that 
more than two peaks did not appear resolved, multiple peaks could be fit using this 
algorithm. As a result of using peak fitting software, the areas of the peaks are 
independent of fluctuations in the baseline. However, total signal fluctuations between 
sample times are not accounted for in the diatrizoate data. 
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Figure 3.2: Raman spectra (a) during photocatalytic degradation experiments for 
diatrizoate without TiO2 photocatalyst. Integrated areas (b) of peaks in the spectra as a 
function of time. 
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All peaks monitored remained effectively constant in total area for 8 hours. This is not 
surprising: previous reports of solar direct photolysis of iodinated X-ray contrast media, 
have reported only a small fraction of diatrizoate is degraded by UV irradiation in the 
absence of TiO2.
43
 
 
Figure 3.3 shows degradation of diatrizoate in the presence of TiO2 suspensions 
during irradiation.  To account for fluctuations between sample times, each peak is 
normalized to a relatively stable, low frequency peak (521 cm
-1
). The overall decrease in 
all peaks in the Raman spectrum with time indicates degradation of compound, compared 
to the generally constant peak areas in the absence of the photocatalyst. Some of the 
changes in the spectrum are observed in the 620 cm
-1 
peak, which is assigned to the 
carboxylate moiety circled in the structure shown in the inset of Figure 3.3. Changes in 
the spectral lines shape of the 620 cm
-1 
peak indicate that this peak changes frequency 
slightly during the course of the experiment. This is consistent with the previously 
reported loss of COO
- 
as an early step, as shown in Scheme 3.1 
44 
In that scheme, 
addition of OH radical at the ring reduces the neighboring carbonyl group to a hydroxyl 
group. This would be expected to alter the COO
- 
bending frequency, all of which is 
consistent with both our data and our calculations.  Figure 3.3(b) also shows integrated 
peak areas of the spectra of Fig. 5(a) as function of time to display changes of each peak 
as function of time. The broad peak centered around 1500 cm
-1 
may indicate TiO2. 
 
In further support of this, the Raman spectrum of TiO2 suspended in water is 
shown in Figure 3.4. It remains unclear why the photocatalyst component is occasionally 
seen to be very large, though surface enhancement is one possibility. Because the mixture 
is constantly stirred, surface 
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Figure 3.3: Raman spectra (a) during photocatalytic degradation experiments of 
diatrizoate with TiO2. Areas of peaks (b) in the spectra as function of time. Decrease in 
all peaks in Raman with time indicates degradation of compound. 
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Figure 3.4: Raman spectra of titanium dioxide (TiO2).  Where most of the time peaks 
reminds constant, except at 1.5 hours a peak appears than dissipates over the next 2.30 
hours. 
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enhanced Raman effects could occur only when a titanium dioxide particle is 
momentarily in the focus of the pump laser. Consistent with other studies, degradation of 
diatrizoate occurs faster with TiO2 than without TiO2. However, previous studies show 
that more than 95% of diatrizoate with TiO2 is degraded with in the first hour.
43 
At best 
here we see only 50% degradation in eight hours. To make our results better we may try 
 
other photocatalysts or even adjusting the reaction pH, as previous studies used a pH of 9. 
 
 
3.2 Iohexol 
 
Previous studies have reported the formation of the first intermediate of iohexol 
photodegradation by oxidation of the primary alcohol groups.  It appears that the primary 
hyrdoxylate moieties are oxidized first, as indicated in Scheme 3.2. This initial oxidation 
is followed by decarboxylation and cleavage of N-C bond (deactylation and removal of 
hydroxylated propanoic acids). Oxidation of the carbon atom attached to the nitrogen is 
 
 
 
 
Scheme 3.2: Proposed mechanisms for iohexol degradation.
46
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necessary to promote the cleavage at the N-C bond. It remains unclear, however, whether 
decarboxylation and oxidation of the hydroxyl group were required prior to cleavage of 
the N-C bond or if direct cleavage of the N-C bond could occur. 
43, 46 
Other authors 
indicate that iohexol degrades only in the absence of TiO2.
48
 
 
 
Figure 3.5(a) shows Raman spectra of aqueous 1-M iohexol solutions exposed to 
ultraviolet radiation, without any TiO2 suspension. Compared to diatrizoate, fewer peaks 
are observed in the spectrum. The large peak centered around 1000 cm
-1 
is due to the 
 
addition of 0.1M sodium nitrate as an internal standard. The peak around 1200 cm
-1 
is a 
bad pixel in our detector; this is not sample dependent. Figure 3.5(b) shows integrated 
peak area as a function of time (scaled by the internal standard), monitoring changes of 
each peak over time. By dividing the peak area of each peak in the spectrum by the 
internal standard, we are able to better account for signal fluctuations that might occur 
due to laser power changes or local inhomogeneities. The decrease in all peaks in Raman 
with time indicates degradation of the compound. This is consistent with previous results, 
but different from that shown for diatrizoate, which does not show photodegradation in 
the absence of photocatalyst. 
 
 
There are striking peak changes around 1540cm
-1 
shown in the Figure 3.6, which 
show three peaks around 1540 cm
-1
. Minor changes occurred for the highest peak. 
However for the peak at1515 cm
-1 
it shows when this peaks was decreasing, the peak 
around 1490 cm
-1 
starts increasing .The calculations in Table 3.1 indicate that this peak is 
due to either the OH or CH2 groups, as circled in the inset of Figure 3.5. Although we are 
unable to assign the two peaks unambiguously based on the calculations, both of these 
functional groups have been implicated by previous studies as sites of early attacks in the 
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Figure 3.5. Raman spectra of iohexol (a) in the presence of UV radiation without TiO2 
photocatalyst.1540 cm
-1 
vibrational mode changes indicates initial attack at either the OH 
or CH2 groups. Areas of peaks (b) in the spectra as a function of time show a decrease in 
all peaks in Raman with time, indicating degradation of parent compound. 
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Figure 3.6. Raman spectra of Iohehxol where we zoom in peak that’s around 1540cm-1 
vibrational mode changes indicates initial attack at either the OH or CH2. 
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UV degradation process (as indicated in Scheme 3.2).
46
 
 
 
In Figure 3.7 the Raman spectrum of Iohexol with TiO2 during photodegradation 
 
is shown. By comparing the same peaks as in Figure 3.5, we see an overall degradation of 
the parent compound. Both qualitatively and quantitatively, the degradation process 
appears to be unchanged by the presence of photocatalyst. Thus, the decrease in all peaks 
in Raman with time indicates for both iohexol only and ionexol with TiO2 degradation of 
compound. This is not the same as has been reported previously, which indicated that no 
degradation could be observed in the presence of the photocatalyst. Previous work did not 
offer any explanation about mechanisms of inhibition. 
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Figure 3.7. Raman spectra of iohexol (a) in the presence of UV radiation with TiO2 
photocatalyst. 1540 cm
-1 
vibrational mode changes indicates initial attack at either the 
OH or CH2 groups. Areas of peaks (b) in the spectra as a function of time show a similar 
decrease in all peaks to that seen in the absence of the photocatalyst. 
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CHAPTER 4 
 
 
Surface Enhancement Raman Spectroscopy for Analysis of Estrogen Degradation 
 
 
The presence of estrogens, a class of endocrine disrupting compounds, in water 
has caused increasing concerns over their adverse impacts on environmental health. 
Estrogens display characteristics similar to many organic compounds, including low 
solubility and a high affinity to organic matter. Some of the most important and 
commonly found estrogen hormones include estrone and 17β-estradiol. In this study our 
goal was to monitor photocatalytic degradation of two natural estrogens (17β-estradiol 
and estrone) with Raman Spectroscopy, as was conducted with X-ray contrast media. 
However, estrone has solubility in water of 1.30 mg/L at pH 7 and a temperature of 
25˚C.
49 
17β-estradiol is also insoluble in water.
49 
Because of these low solubilities and 
 
weak Raman cross sections of estrogens, surface enhanced Raman spectroscopy (SERS) 
 
was investigated to make estrogen spectra easier to monitor. 
 
 
Surface-enhanced Raman Scattering was conceived in the mid-1970s. The first 
measurement of a surface Raman spectrum from pyridine adsorbed on an 
electrochemically roughened silver electrode was reported by Fleischmann,Hendra, and 
McQuillan in 1974 which stemmed from their pioneering work on applying Raman 
spectroscopy to the in situ study of electrode surfaces.
50
 
 
This technique provides greatly enhanced Raman signal for Raman active 
molecules that have been adsorbed on certain specially-prepared metal surfaces. The 
major contribution to the intense Raman signal is due to an enhancement of 10−107 times 
compared to the intensities predicted from the scattering cross sections of the chosen 
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compound. The importance of SERS is both that surfaces can be selective but also highly 
sensitive, whereas traditional Raman spectroscopy is neither. Selectivity of surface signal 
results from the presence of the surface enhancement (SE) mechanisms only at the 
surface.  The surface signal overwhelms the bulk signal, making bulk subtraction 
unnecessary.
51-52
 
 
There are two aspects to enhancement: electromagnetic and chemical 
enhancement. The majority of the overall SERS enhancements is due to electromagnetic 
enhancement mechanism, which depends on the presence of the metal surface roughness 
features. The chemical enhancement explains why the analyte molecule adsorbs onto the 
surface and interacts with the surface chemically. Large enhancements are observed from 
silver, gold, copper and sodium metal surfaces.
53
 
 
One of the studies have been done to examine the optical enhancement of 
differently sized silver particles on the SERS spectra of Rhodamine 6G. Atomic Force 
Microscopy is used to determine the size of the particles which are responsible for the 
analyses’ signal enhancement. Silver particles are responsive to three excitation 
wavelengths: 488nm, 568nm, and 647nm.
54
 
 
In our case we used gold nanoparticles as our metal surface, which are prepared 
by Dr. Dakshinamurthy’s research group. They have published a synthetic approach for 
the production of gold nanoparticles (GNPs)  that uses biomolecules as both reducing and 
capping agents.
3 
The shape of the particles are spherical, monodisperse, and can be 
selectively produced within a specific plasmon absorption range by adjustment of 
synthetic parameters. GNPs were syntehesized by the reduction of Au
3+ 
ions in an 
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aqueous dextrose solution dispersed from a medium pH ~ 6.9. Preparation of an aqueous 
stock solution of KAuCl4 or HAuCl4 was added to the aqueous medium, containing 
different concentrations of the dextrose. Samples were places in an orbital shaker with a 
stirring speed of 150 rpm at room temperature for about 6 hours.
55
 
 
The upper panel of Figure 4.1 shows the Raman spectrum of the GNP untreated 
with an estrogen. Although some broad features are observed around 700 cm
-1 
and 1700 
cm
-1
, overall the spectra are relatively featureless. The lower panel shows the powder 
spectrum of estrone. A broad feature near 1500 cm
-1 
is also present. Following a 
procedure crashed designed to bond the estrogens to the surface of the nanoparticles the 
spectrum shown in the middle panel of Figure 4.1 is seen. There were no significant 
changes to the solution phase spectra that would indicate SERS had been accomplished. 
However, when the nanoparticles are salted out of solution with NaCl, three peaks are 
obsrved that match the powder spactrum of estrone. These peaks appear at 600 cm
-1
, 800 
cm
-1 
and 1300 cm
-1
. 
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Figure 4.1. Raman spectra of estrone enhanced by surface plasmon resonance: (a) the 
spectrum of the GNP substrate; (b) shows the Raman spectra collected when estrone is 
functionalized onto the nanoparticles. A powder Raman spectrum is shown in the inset. 
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The spectra of aggregated estrone-functionalized GNPs were collected using a 
pump wavelength of 785 nm, even though the plasmon is resonant at 530 nm. Spectra 
collected at 532 nm showed significant fluorescence and were not useful for Raman 
spectra. The surface-enhancements of the Raman signal are significant even at 785nm, 
consistent with work by others. Figure 4.2 shows the powder Raman spectra of 17-β- 
estradiol  as an insert. No evidence of the estrogen spectrum is seen even in saturated 
aquaeous of 17-β-estradiol.When it is crashed with NaCl no different peaks where 
present that are in powder spectra of 17-β-estradiol. 
 
Even though this technique provides great enhancement of the Raman signal for 
Raman active molecules that have been adsorbed on certain specially prepared metal 
surfaces, in our case, where we want to monitor photocatalytic degradation of estrogens 
would not work. According to the Raman spectra of estrone there is a some evidence that 
it may work, but only when the particles are salted out. However for 17-β-estradiol has 
not shown an inication that it would work even when we the GNPs are aggregated by 
salting out. Since the time of these experiments, the market has been flooded with 
commercially available SERS substrates, which may offer a simple alternative to our 
experiments here. 
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b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: Raman spectra of 17β-estradiol enhanced by surface plasmon resonance a) 
Shows the spectrum of the GNP substrate, b) while shows the Raman spectra collected 
when 17β-estradiol is functionalized onto the nanoparticles. A powder Raman spectrum 
is shown in the inset. 
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CHAPTER 5 
 
 
Conclusion and Future Research 
 
 
This thesis focused on developing a method for monitoring photocatalytic 
degradation kinetics and mechanisms that is fast (compared to chromatography) and non- 
invasive, but which still yields results which are consistent with previous studies of 
photocatalytic degradation of X-ray contrast media (ICM). Previous studies have used 
GC/MS and LC/MS to study photocatalytic degradation of ICM. The main disadvantage 
of using chromatography methods is that during the experiment approximately 30 
minutes between samples is needed. Each sample must be extracted from the reaction 
vessel throughout the degradation process, which is time consuming and there are large 
chances for sample-to-sample inconsistencies in analysis. 
 
Our focus was a removal process that can be started with ultraviolet 
photocatalytic degradation of diatrizoate and iohexol, in the presence of titanium dioxide 
or other catalysts. The new method that we have developed uses Raman spectroscopy to 
monitor photocatalytic degradation of ICM. This approach can be performed faster and 
with no sample extraction needed, dramatically increasing the time resolution with which 
the reactions can be measured.  Results for diatrizoate exposed to ultraviolet light show 
all peaks monitored remain effectively consistent through experiment. Diatrizoate in the 
presence of TiO2 exposed to ultraviolet light showed a change in the spectral lines shape 
at 620 cm
-1
, indicating attack at the carboxyl site observed as function of time. All peaks 
 
in the Raman spectra decrease with time indicating degradation of compound. Results for 
 
Iohexol exposed to ultraviolet light shows peak frequency changes for the 1540 cm
-1
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vibrational mode. These changes indicate initial attack at either the OH or CH2 groups on 
the side chains off of the aromatic ring. Iohexol with TiO2 shows all Raman peaks 
decrease with time, indicating degradation of the compound.  Our results are consistent 
with previous studies, meaning Raman can be used to monitor photocatalytic degradation 
of ICM. To our knowledge, this is the first time photocatalytic degradation has been 
monitored in situ spectroscopically, with the potential for real time measurements. 
 
Throughout the experiment we measured the kinetics every 30 minutes. In the 
future we can monitor changes using five minutes intervals. Soon, we will compare 
Raman and LC/MS simultaneously to identify intermediates that are forming throughout 
the degradation process. We will also study different X-ray contrast agents or other 
organic pollutants in aquatic environments due to their widespread use and incomplete 
removal during wastewater treatment. 
 
We also attempted to  monitor photocatalytic degradation with two natural 
estrogens. Because of their low solubility and weak Raman cross sections of estrogens, 
surface enhanced Raman spectroscopy (SERS) was attempted to make estrogen spectra 
easier to monitor. However our attempt to improve the sensitivity of our Raman methods 
using surface-enhanced Raman spectroscopy was not as successful as we would like to 
be. New methods need to be developed in the future to study photocatalytic degradation 
of estrogens or other trace compounds. 
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